To determine genetic relationships among representative popcorns (Zea mays L.) of the New World, 56 maize populations from the USA and nine Latin American countries were characterized for 29 morphological traits, 18 isozyme loci, and 31 SSR loci. Cluster and principal component analyses were performed upon standardized morphological data and allelic frequencies from isozyme and SSR loci to elucidate relationships among populations within a geographical and historical context. Three groups of popcorn, with distinctive morphological characteristics and genetic profiles, were identified in the North American populations. The first group includes the North American Yellow Pearl Popcorns, which are currently the most important for U.S. commercial production. This group could be derived from introductions of the race Curagua from Chile into New England in the 19th Century. The second group includes the North American Pointed Rice Popcorns, which probably originated from the complex of traditional races of pointed popcorns from Latin America, such as Palomero Toluqueño, Confite Puntiagudo, Canguil, and Pisankalla, which diffused from the highlands of central Mexico into northern Mexico and then into southwestern USA. The third group includes the North American Early Popcorns, which show a marked influence of Northern Flint maize, from which they probably acquired the trait of early maturity. This third group also shows genetic influences of maize from northwestern Mexico and even from early European varieties of popcorn introduced late in the 19th Century. We propose that the three groups of North American popcorn identified in this study be recognized taxonomically as distinct races, and we provide characteristic traits as well as isozyme and SSR alleles to define the new races. 
varieties in the USA. During the last two decades of the cally as distinct races, and we provide characteristic traits as well as 19th Century, popcorn became a prominent commercial isozyme and SSR alleles to define the new races.
crop in the USA. It was no longer grown only in gardens, and its cultivation became an authentic industry. In 1912, there were 7700 ha under commercial production P opcorn is an important commercial crop in the USA, (Pollak and White, 1995) . By 1925, the pointed type White and its importance has been steadily increasing for Rice was the most important popcorn variety, although decades (Ziegler, 2001) . The Corn Belt states of Indiana, others such as the rounded or pearl type Queen's Golden Nebraska, Illinois, Ohio, and Iowa account for nearly and the pointed kernel Japanese Hulless were also used 90% of the area planted to popcorn in the USA. By the in commercial production. A few years later, Queen's time Columbus arrived in the New World, many types Golden was replaced by the pearl types South Ameriof corn, including popcorn, had been incorporated into can, Supergold, and Yellow Pearl (Ziegler, 2001 ). The agricultural systems by several Native American tribes first commercial hybrid of popcorn was released in 1934 in the lands now comprising the USA. Smith (1999) tion (Goodman and Brown, 1988) . Thus, the objectives of co-sponsored by the Mexican Government through CONACYT this study were (i) to categorize popcorn populations contaminated seed lots, and populations initially misidentified ica through analyses of variability in morphology, isoas popcorn, while at the same time incorporating the most zymes, and DNA polymorphisms.
representative groups of popcorn from both the USA and Latin America. The experimental design used was a randomized com-
MATERIALS AND METHODS
plete block design with two replications, following the same In 1998 and 1999, morphological characterization was conmethodology as in 1998. ducted on a group of popcorn populations grown at the NCRPIS Table 2 shows the morphological characters measured on at Ames, IA. In 1998, 144 populations of popcorn from the 10 competitive plants per population each year. Five plants USA, Argentina, Bolivia, Brazil, Chile, Colombia, Ecuador, from each replication were chosen and marked early in the Mexico, and Paraguay were characterized. These populations growing season, avoiding those at row ends and those without were supplied by the NCRPIS, the Popcorn Breeding Program a competitive neighbor. The morphological characters meaof Iowa State University through Kenneth Ziegler, the Comsured were selected on the basis of high heritability and repeatmittee for Agricultural Development of Iowa State University, ability, as reported by Sánchez González et al. (1993) and Ortiz and the McHone Popcorn Seed Company, Ames, IA. Populaand Sevilla (1997) . For measurement of popping characteristions were planted in a 12 by 12 square lattice experimental tics, kernels were put into cotton bags, then placed for 6 wk design with two replications. For the second year of morphointo a conditioning chamber where temperature was constantly logical data collection, a subset of 56 populations from those maintained at 21ЊC and relative humidity at 70%, reaching an evaluated in 1998 was cultivated again for further study (Table 1). The subset was selected to eliminate redundant entries, equilibrium moisture content of approximately 135 g kg Ϫ1 , which has been determined to be optimal for maximizing popping centration, readings of the absorbance at 260 and 280 nm were expansion (Metzger et al., 1989) . A sample of 30 g of kernels performed with a Power Wave X microplate scanning spectrofrom each replication was popped in a microwave oven and photometer (Bio-Tek Instruments, Winoosi, VT). the volume of product measured in a 2000 mL graduated PCR amplifications were performed in a PTC-100 (MJ Recylinder, 8.89 cm in diameter.
search, Watertown, MA) thermocycler. Primers were ampliThe subset of 56 populations characterized for morphologified in multiplex groups, as indicated in Table 4 . Multiplexing cal traits in 1999 was evaluated for isozyme polymorphisms, was designed to create combinations in a way that the sizes using the inbred lines B73, Mo17, Tx303, and Mo24W as checks.
of the PCR products and the labeling of primers allowed the An array of 18 well-characterized isozyme loci (Table 3) , disdifferentiation of banding patterns without interference among tributed among eight of the 10 maize chromosomes, was semarkers. Forward primers were 5Ј fluorescently labeled with lected for evaluation. Enzymes from 10 plants of each populaone of the ABI Prism dyes (PE Applied Biosystems, Foster tion were extracted from the coleoptiles of 9-d-old seedlings, City, CA): HEX, 6-FAM, or NED. subjected to starch gel electrophoresis and stained accord-
The protocol for the PCR amplification consisted of an iniing to the protocols described in detail by Stuber et al. (1988) , tial denaturation time of 4 min at 95ЊC, followed by 25 cycles except for Acp4, where scoring was based on guidelines proof 1 min at 95ЊC (denaturation), 2 min at 55ЊC (annealing) vided by Kahler (1983) .
and 2 min at 72ЊC (extension), and a final step of 1 h of further DNA from 10 additional plants of each of the 56 populations extension at 72ЊC. Each individual PCR amplification reaction sampled for isozyme analysis was used for the amplification consisted of 2 L of 10ϫ PCR buffer (500 mM KCl, 100 mM of 31 SSR loci (microsatellites) distributed throughout all 10
Tris-HCl, pH 9.0 at 25ЊC), 0.4 L of 10 mM dNTPs (2.5 mM chromosomes of maize. These loci are documented on the each dNTP), 1. GeneScan software, and scored for allelic variability by using at Cornell University. Genomic DNA was extracted from 30 mg STRand software (Locke et al., 2000) . of fresh, young leaf tissue with a PUREGENE DNA Isolation Standard analyses of variance were performed for the morKit (Gentra Systems, 1998). For quantification of DNA conphological traits by SAS (SAS Institute, 1985) . Allelic frequencies were calculated for each popcorn population for both iso- Table 3 . Isozyme loci evaluated, gel systems and chromosomal zyme and SSR loci through POPGENE (Population Genetic location.
Analysis) software, Version 1.32 (Yeh et al., 1999 sis, claiming that differences in the modes and rates of was placed in the group from which it had the smallest generalized squared distance, so that the preliminary assignment did evolution in different characters could be more easily not guarantee the subsequent membership into a certain group accommodated in the context of a joint data analysis. (SAS Institute, 1985) .
Moreover, when molecular and morphological data are involved, the combination of those datasets provides a truly comprehensive view for the classification of popu-
RESULTS AND DISCUSSION
lations (Hillis, 1987; Kluge, 1989) . Additionally, supportThere were significant differences among accessions ers of the combined approach do not discourage the use for each of the 29 morphological characters measured, of separate analyses for each data set. In this paper, reas indicated by analyses of variance (Table 5 ). In fact, sults of the analysis of a combined dataset from morphothe source of variation corresponding to accessions was logical characters, isozymes and SSRs are reported, but by far the most important in 23 of the 29 traits evaluated, initial analyses of the three separate character sets were whereas differences attributable to years were the secperformed and discussed in Santacruz-Varela (2001) . ond most important source of variation, predominating Figure 1 shows a phylogenetic tree resulting from the in the remaining six traits (days to pollen shed, days application of the Neighbor-Joining method to the mato silk, kernel thickness and the ratios kernel width/ trix of interpopulational, pairwise Gower distances based thickness, tassel peduncle length/tassel length, and cenon 29 morphological characters, 58 isozyme alleles, and tral spike length/tassel length).
191 SSR alleles. Figure 1 broadly defines five groups of In situations where data from different sources are populations, with subdivisions within one of the clusters. assembled for comprehensive analysis, a method to inteGroup I includes populations from Chile, Uruguay, and grate diverse lines of evidence must be defined. One of north and northwestern Mexico belonging to typical the most accepted approaches is to analyze simultaneraces of popcorn as well as flint-type populations with ously all available character data, which is often referred low popping capacity. Group II contains popcorn poputo as the total evidence or character congruence aplations from Argentina, Brazil, and Paraguay, and it proach (Kluge, 1989) . There has been, however, some includes Argentine Pop, a population introduced from disagreement about the suitability of this approach; Bull et al. (1993) and de Queiroz (1993) argue that it is not Argentina into the USA by Edgar Anderson some 50 yr ago (Galinat, 1954) . Notably, none of the pointed popfrequencies resemble the popcorns in group IV. It is possible that the Northern Flints and Flours are related corns from Latin America is included in those groups, having fallen instead in subgroup V-B, close to the genetically to the North American Early Popcorns, which may also be related genetically to some European pointed popcorns from the USA.
Group III includes a well-defined cluster of pearl popcorns introduced to the USA in the 19th Century from France and Italy (Sturtevant, 1899). popcorns from North America with predominantly yellow kernels and favorable agronomic characteristics, a Group V includes the pointed popcorns, and can be unambiguously divided into two subgroups, with subgroup that we will refer to as the North American Yellow Pearl Popcorns, and also includes CHZM 07 097 group V-A comprising all the typical pointed-kernel popcorns from North America, which we will refer to from Chile and Ladyfinger, which differs morphologically from the rest of the members of this group but as North American Pointed Rice Popcorns ("Pointed" in Fig. 2 and 3 ) and subgroup V-B including Latin Amerdisplays isozyme and SSR allelic profiles that resemble those of the North American Yellow Pearl Popcorns.
ican pointed popcorns and two pointed popcorns from southwestern USA, Acoma Pueblo and White Rice Pop, It also includes Nebraska Supergold ϫ Tom Thumb, a hybrid population involving Tom Thumb, a population which resemble their Latin American counterparts ("Latpointed" in Fig. 2 and 3 ). The establishment of these six with a different genetic background.
A cluster of the earliest North American popcorn acgroups of populations delineated by the Neighbor-Joining method was generally corroborated by the discrimicessions, which we will refer to as the North American Early Popcorns, were allied in group IV, not too distantly nant function, a technique used to build a predictive model of group membership on the basis of observed separated from the pointed, rice types in group V. Interestingly, Tama Flint, a population belonging to the characteristics of each population (data not shown). Principal component analysis was applied to 29 morNorthern Flint and Flour race (Gonzá lez-Ugalde, 1997), and Fairfax Brown, which is best assigned to the South phological traits, 58 isozyme alleles, and 191 SSR alleles. The first three principal components presented large Western racial group of maize (Gonzá lez-Ugalde, 1997), are included in this group. These two populations do not eigenvalues (25.6, 21.0, and 13.5) explaining 9.28, 7.61, and 4.89% of the total variance, respectively, for a cumumorphologically resemble the North American Early Popcorns and have only an incipient popping-expansion lative percentage of 21.78. The first and second principal components are plotted volume, but patterns of their isozyme and SSR allelic together in Fig. 2 , where the North American Yellow Spanish Pop, Pinky Popcorn, and Black Beauty Acc. 50, placed between the two groups. Just above this loose Pearl Popcorns, including Ladyfinger and CHZM 07 097, form a distinct, compact group in the negative part aggregation lies a group including White Rice Pop, Acoma Pueblo, the non-popcorn Tama Flint from the of both axes. The North American Pointed Rice Popcorns and North American Early Popcorns can be found USA, and various pointed popcorns from Latin America. The Latin American pointed popcorn positioned loosely aggregated, with a few populations, such as most closely to the groups of early and North American corns and the Chilean population CHZM 07 097, a representative of the race Curagua, with respect to allelic Pointed Rice Popcorns is "No. 1" from Bolivia, a population of the race Pisankalla. The remaining populations frequencies for both isozymes and SSRs, as well as the remarkably strong morphological similarity among correspond to the non-pointed Latin American popcorns and certain non-popcorns, including B73 ϫ Mo17 and them (including popping expansion), the race Curagua from Chile may be the most likely progenitor of the the flint types Uruguay 633 and Little Red Flint, both in its "original" version and a "selected" version after seven North American Yellow Pearl Popcorns. Smith (1999) noted that, in the 19th Century, American traders, sailcycles of selection for improved popping expansion.
The first principal component separated populations ors, and whalers may have introduced it from Chile into New England, where, at that time, a popular popcorn according to their geographic provenance. In Fig. 2 Ecuaverified 19 March 2004) . Notably, the popcorns of temperate Chile and the other nations of southern South dor ("W-C 990" in this study). In fact, the principal comAmerica are photoperiod insensitive, so they could imponent analysis of Fig. 1 suggests that this group of Latin mediately be grown in the high latitudes of the USA, American pointed popcorns may be a transitional group in contrast to popcorns from Central America or other between the typical North American Pointed Rice Popmore equatorial locations (Goodman and Brown, 1988) . corns and other popcorns from Latin America.
Additionally, allelic diversity of the Chilean population Regarding the pointed group of popcorns (group V), part of Fig. 3 . two subgroups are clearly defined. The first subgroup is Isozyme and SSR allelic frequencies associated the more genetically homogeneous, and includes typical flint-type, non-popcorns Tama Flint and Fairfax Brown North American Pointed Rice Popcorns, such as Japanese with the group of North American Early Popcorns. But Hulless, Illinois Hulless, and Golden Australian Hulless. those populations exhibit only a slight popping capacity
The second subgroup mainly includes populations repand are not used as popcorns. That they share many diresentative of the major pointed popcorn races from agnostic alleles with the North American Early Popcorns Latin America, such as Palomero Toluqueñ o from Mexcould imply that both groups, flint corns and North Americo, Confite Puntiagudo from Peru, Canguil from Ecican Early Popcorns, share common progenitors, perhaps uador, Pisankalla from Bolivia and Pisingallo from Armaize from northwestern Mexico, as proposed by Galigentina (Wellhausen et al., 1951; Ramírez et al., 1960; nat and Gunnerson (1963) and supported by Gonzá lezGrobman et al., 1961; Timothy et al., 1963) . InterestUgalde (1997) for Northern Flints, or that gene flow beingly, there are also a few populations within this second tween North American Early Popcorns and Northern subgroup, such as White Rice Pop and Acoma Pueblo, Flints occurred after a recent (post-1800) introduction of that are from the USA. These two populations resemble early popcorns to the northeastern USA from South AmerLatin American pointed popcorns more than they do ica (Sánchez-González, 1994 ) and/or Europe (Sturtevant, other pointed populations from the USA, as manifest by 1899). more luxurious vegetative development, more slender ears, and kernels with less pronounced points and lower
Origin of the Popcorn Groups
popping expansion. Notably, both subgroups are allied morphologically and by patterns of isozyme and SSR These analyses strongly suggest that the different groups of popcorn in the USA have different evolutionloci. White Rice Pop and Acoma Pueblo could be viewed as genetically intermediate between pointed populations ary histories and do not share a common, recent origin. In group III of Fig. 1 , given the close genetic resemfrom Latin America and those elsewhere in the USA. Doebley et al. (1983) studied the Acoma Pueblo populablance between the North American Yellow Pearl Pop-tion included in this study (PI 218140) and described it by the principal component analysis, this group resembles the North American Pointed Rice Popcorns (Fig.  as a pointed popcorn that may have been acquired by the Acoma from either the Anglo or Hispanic cultures 2), but the North American Early Popcorns do not seem to be closely related to other New World popcorns. Howduring colonial times. As noted by Sá nchez-Gonzá lez (1994), some pointed popcorns of the central highlands ever, the North American Early Popcorns and the nonpopcorn, flint-type populations Fairfax Brown and of Mexico diffused through the northern plains of Mexico and then into the USA.
Tama Flint were remarkably similar genetically (Fig. 2) . Tama Flint is typical of the Northern Flint and Flour Morphological and possible genetic similarities among the different pointed popcorns from Latin America have North American race, whereas Fairfax Brown is allied with maize of the southwestern USA (Gonzá lez-Ugalde, already been noted by several authors (Mangelsdorf, 1974; Sá nchez-Gonzá lez, 1994; Sevilla, 1994) . Pre-Columbian 1997) . As proposed by Galinat and Gunnerson (1963) and supported by results from Doebley et al. (1986) and communication and exchange of germplasm between indigenous groups from Mexico and South America have Gonzá lez-Ugalde (1997), the Northern Flints originated from northwestern Mexican maize that diffused into the been documented (Zeven and de Wet, 1982; MelgarTisoc, 2003) , so these popcorn types may have been southwestern USA and then to the northeastern USA, through the Pueblo region of New Mexico. It seems plausdiffused widely before European colonization. Other authors (Anderson, 1947; Mangelsdorf, 1974) noted simible that the North American Early Popcorns could be derived from the Northern Flints, through the selection ilarities and likely relationships between pointed popcorns, such as Japanese Hulless from the USA and Latin of populations with smaller, denser kernels, or at least that gene flow between Northern Flints and the progeniAmerican pointed popcorns, such as Palomero Toluqueñ o. The present study supports the preceding hytors of the North American Early Popcorns was likely a key factor in conferring early maturity to populations that pothesis as it demonstrates genetic similarities between North American and Latin American subgroups. Selmight not otherwise mature seeds in the northern U.S. The Northern Flints, among the earliest maturing races sam and Wexler (1976) mentioned that some of the oldest evidence for the presence of popcorn in the USA in the world, have been of prime importance in the generation of other important corn varieties. Besides their can be traced to New Mexico, which is compatible with a proposed overland route of dispersion of maize, inrelationship with the early popcorns, Northern Flints are closely related to many sweet corns, as noted by Revilla cluding pointed popcorns, from the highlands of central Mexico, initially into the northern plains of Mexico and Tracy (1995) , who proposed that, as with modern U.S. popcorns, some of the modern sweet corns in the and then into the southwestern USA (Sá nchez-Gonzá -lez, 1994) .
USA were derived either from intercrossing between Mexican germplasm and Northern Flints or directly from The group North American Early Popcorns in group IV of Fig. 1 evinces a different and potentially complex mutations in Northern Flint. Also, Northern Flints are one parent of Corn Belt Dents and contributed key traits evolutionary history. In certain dimensions generated Mangelsdorf (1974) Pearl Popcorns, North American Pointed Rice Popcorns, and North American Early Popcorns. These groups can and confirmed in this study, to a certain degree, the North American Early Popcorns resemble the pointed be regarded as races, as they fit the definition of race given by Anderson and Cutler (1942) , "a group of repopcorns, perhaps the result of earlier derivation from maize from the highlands of central Mexico, related to lated individuals with enough characteristics in common to permit their recognition as a group" and from the maize of the southwestern USA (Goodman and Brown, 1988) . Alternatively, perhaps the resemblance is the regenetic perspective "a group of individuals with a significant number of genes in common." Tables 6 and 7 sumsult of introgression from the North American Pointed 
